We report on experimental verification of the rotational sense and type of homogeneous chiral spin spiral order in a Mn monolayer on a W(110) substrate using spin-polarized scanning tunneling microscopy. We found that the magnetic contrast due to the spin spiral order almost vanishes with a magnetic tip magnetized normal to the (001) plane, indicating that the spin spiral rotates in the plane. From a shift in the most-contrasted sites by changing the tip magnetization direction within the rotating plane, we reveal that the rotational sense is left-handed, consistent with the previous results predicted by first-principle calculations. By comparing the current system with a chiral magnetic domain wall in Fe double layers on the same substrate, we found that the polarity of the Dzyaloshinskii-Moriya interaction, the driving force of those chiral magnets, is dominantly determined by the choice of the substrate rather than the overlayer.
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In magnetic systems whose inversion symmetry is broken, the Dzyaloshinskii-Moriya interaction (DMI) [1, 2] plays a key role in the formation of chiral spin structures, which include skyrmion lattices [3] [4] [5] , domain walls [6, 7] , and homogeneous spin spiral structures [8] [9] [10] . Since the inversion symmetry is naturally broken at interfaces, 3d magnetic ultrathin films formed on 5d non-magnetic heavy-elemental substrates, which have strong spin-orbit coupling, often exhibit non-collinear chiral spin structures driven by DMI [11] [12] [13] [14] [15] [16] [17] . These chiral spin structures can exhibit various characteristics depending on the overlayer and substrate materials. They may show various types of rotation, such as Bloch-or Néel-type skyrmions [12] , Bloch or Néel domain walls [13] [14] [15] , or helical or cycloidal spin spiral structures [16, 17] . They may also have different rotational senses, either left-handed (↑←↓) or right-handed (↑→↓). These chiral magnets at interfaces have recently attracted much attention, especially because of their potential application for future spintronics devices [18] [19] [20] .
For practical applications, however, it is mandatory to understand how overlayers and substrates affect the polarity and strength of DMI, which determine the characteristics of the chiral magnets. Recent experimental and theoretical studies revealed that the choice of adjacent 5d metal significantly contributes to the characteristics of DMI in the chiral magnets [15, 21] . On the other hand, the contribution of the overlayer material has not been investigated much. Therefore, atomic-scale characterization is desirable for chiral magnets in different overlayers on the same substrate. One of the ideal playgrounds for such studies is the W(110) substrate, on which several chiral magnets were discovered [13, 16, 22, 23] .
Meckler et al. utilized spin-polarized scanning tunneling microscopy (SP-STM) with a triple-axis vector magnet to experimentally determine the rotational sense and type of the domain wall structure in an Fe double layer (DL) on W(110) [13] . However, such detailed experimental verification has not been achieved so far for homogeneous spin spiral structures on the same substrate, such as on a monolayer (ML) and DL of Mn/W(110) [16, 22] or ML of Cr/W(110) [23] .
In this letter, we investigated the rotational sense and type of the homogeneous chiral spin spiral structure in ML Mn/W(110) by SP-STM with a double-axes superconducting magnet.
From SP-STM images taken with controlled tip magnetization directions, we reveal that the layer indeed exhibits a cycloidal spin spiral with left-handed rotation, in good agreement with the previous theoretical predictions [16] . By comparison with the rotational sense of Fe DL/W(110), we concluded that the polarity of DMI did not change in these two overlayers formed on W(110).
The experiments were performed in low-temperature ultrahigh vacuum (UHV) STM (Unisoku USM-1300S with RHK R9 controller), in which the sample and the tip were cooled down to 5 K. A two-axis superconducting magnet is equipped to apply magnetic fields perpendicular (|B ⊥ | ≤ 2 T) and parallel (|B | ≤ 1 T) to the sample surface. A W(110) substrate was prepared by several cycles of flashing above 2300 K in UHV and annealing at 1500 K in an oxygen atmosphere of 1×10 −4 Pa [24] . We deposited Mn onto the W(110) substrate for 25 s at a deposition rate of 1.5 ML/min from a Ta crucible heated by electron bombardment.
In order to avoid the nucleation of additional layers and to achieve step-flow growth of Mn ML, Mn was deposited just after the flashing to ensure high mobility of the deposited atoms [25] . We can decompose the features into two components, a beating pattern and a sinusoidal modulation, as schematically shown in Fig. 1 handed or a right-handed rotation. In the previous work, theoretical calculations based on density functional theory (DFT) suggested that a left-handed cycloidal spin structure is energetically favorable, but the experimental verification has not been done yet [16] .
To determine the rotational type of the spin structure experimentally, we performed SP-STM measurements with a tip magnetized along the [001] direction. Because of the cosine dependence of the spin-polarized signal on θ [26] , the intensity of the magnetic contrast in this measurement should be considerably suppressed for the cycloidal structure but remain the same for the helical one. Therefore, this measurement provides conclusive evidence to Both the magnetic and TAMR components are visible with the out-of-plane tip [ Fig. 2(a) ].
In contrast, in the SP-STM image taken with the [001]-magnetized tip [ Fig. 2(b) ], the magnetic contrast is strongly suppressed, whereas the TAMR signal stays the same, as more clearly demonstrated in the averaged cross-sectional profiles (the lower panels) collected in the boxed areas of Figs. 2(a, b) . A faint magnetic contrast found in Fig. 2(b) is presumably due to small misalignment of the tip magnetization direction. Based on these observations, we conclude that Mn ML has a cycloidal spin spiral structure, a conclusion that is consistent with the DFT calculations [16] . This result is also consistent with the mechanism of the interfacial DMI generated between a heavy-elemental substrate and a 3d magnetic layer, which only produces chiral spin structures rotating in the plane normal to the interface and parallel to the propagating axis, e.g., cycloidal spin spiral or Néel type domain walls [32] .
Then, in order to clarify the rotational sense of the cycloidal spin spiral structure, we performed SP-STM measurements with spin-polarized tips magnetized in two orthogonal directions within the (001) plane. We show the side views of two possible spin spiral structures, left-and right-handed ones, in Figs. 3(a, b) , respectively, and the corresponding simulated SP-STM signals depending on the tip magnetization direction in Figs. 3(c, d) , respectively. The colored dots are located at every two adjacent spins in Figs. 3(c, d) to identify the same atomic spins in the profiles. In the spin spiral structures, the rotational angle between the nearest neighbor (next-nearest neighbor) spins along the [110] axis is +173
• (-14 • ). When we focus on every two adjacent spins, therefore, the magnetic contrast exhibits a sinusoidal variation, as can be seen by following the colored dots. By changing the direction of the tip magnetization from parallel to perpendicular to the surface in the (001) plane, [i.e., from the leftward to the upward direction, as shown with arrows in Figs. 
3(c, d)], we should observe +90
• or -90
• phase shifts of the sinusoidal profile depending on the rotational sense. As shown in Figs. 3(c, d) , if the rotational sense is left-handed (righthanded), the sinusoidal profile should shift to the left (right). We can therefore determine the rotational sense through observation of such a phase shift. observed between the two images. In order to extract the magnetic contrast, we subtracted the nonmagnetic contributions (i.e., structural and TAMR components) from the two images, as shown in Figs. 3(f, i) . The nonmagnetic contributions are derived by averaging two SP-STM images taken in the same area with the tips magnetized in opposite directions [33] .
For instance, the magnetic contrast shown in Fig. 3(i) is extracted by calculating a subtraction of the average of two SP-STM images taken at B ⊥ = +2 T and -2 T from the image shown in Fig. 3(h) . The marked white clusters disappear in the averaged images because the structural contrast does not depend on the tip magnetization direction. Cross-sectional profiles taken in the boxed areas of Figs. 3(f, i) are shown in Figs. 3(g, j) . We placed the colored dots in the same manner as in Figs. 3(c, d) , and the same part of the sinusoidal profiles as those of Figs. 3 (g, j) are marked with boxes in Figs. 3(c, d) . The direction of the phase shift shown in Figs. 3(g, j) is consistent with that of Fig. 3(c) , indicating that the rotational sense of the spin spiral structure is left-handed. This result is consistent with the prediction by DFT calculations [16] .
As mentioned before, the domain walls in the Fe DL/W(110) were determined as Néel-type domain walls with right-handed rotation propagating along to the [001] axis [13] . These two results observed on W(110), left-handed for Mn ML and right-handed for Fe DL, on first glance, seem contradictory to the previous studies, which found that the polarity of DMI was dominantly determined by the substrate [15, 21] . To understand the situation, we carefully considered the competition between the exchange interaction and DMI in both systems. DMI can produce two types of perpendicular spin orientations depending on the polarity of DMI, i.e., right-handed DMI (↑→) or left-handed DMI (↑←). We considered that the left-handed rotation of Mn ML (↑ց←ր↓) is a consequence of the competition between antiferromagnetic interaction (↑↓) and right-handed DMI (↑→). The right-handed rotation of Fe DL (↑ր→ց↓) can be considered the consequence of the competition between ferromagnetic interaction (↑↑) and right-handed DMI (↑→). Therefore, we finally conclude that the consistent role of the substrate on the polarity of DMI is also true for these systems on W(110), where the contributions of the overlayers seem insignificant.
In conclusion, we determined the rotational type and sense of the spin spiral structure observed on Mn ML/W(110) experimentally using SP-STM with an Fe-coated magnetic tip in magnetic fields parallel and perpendicular to the sample surface. With the tip magnetized along the (001) plane, we found strong suppression of the magnetic contrast, indicating that the spin structure is cycloidal spin spiral rotating in the (001) plane. We also revealed the left-handed rotation by observing the phase shift in the magnetic contrast of the SP-STM images taken with spin-polarized tips magnetized in various directions in the (001) plane. Our experimental results agree well with the spin spiral structure predicted by DFT calculations. Moreover, we revealed that the polarity of DMI is same for both Mn ML and Fe DL on W(110). This suggests that the substrate plays the dominant role in determining the polarity of DMI for these systems, but the contributions of the overlayers seem insignificant.
This work also demonstrates that SP-STM measurements with a two-axis superconducting magnet enable us to explicitly determine complicated surface spin structures.
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